Introduction
Physiological and biochemical processes in bacteria can have important impacts on the atmosphere. For example, methane is produced by anaerobic methanogens and then released from soils, sediments and ruminant animals to contribute to the atmospheric`greenhouse' effect (Crutzen, 1991; Conrad, 1996) . Interestingly, it is estimated that the fraction of methane that reaches the atmosphere is only about 10% of that formed in anaerobic environments ± aerobic methanotrophs in soils and sediments and associated with plant roots are very adept at scavenging methane before it can be released to the atmosphere (King, 1992; Hanson and Hanson, 1996) . Methanotrophs can also take up methane from the atmosphere, although the magnitude of this sink is unclear (Potter et al., 1996) . Thus, the concentration of one of the most important trace gases in the atmosphere is controlled in part by the balance between bacterial methane producers and consumers. As reviewed by Conrad (1996) , similar patterns of bacterial producers and consumers control emissions of other important atmospheric trace gases, such as CO, NO and N 2 O.
From recently reported work, it appears that yet another bacterial source±sink phenomenon occurs with the volatile hydrocarbon, isoprene (2-methyl-1,3-butadiene). Isoprene emission has been detected from many different bacteria, especially bacilli Wagner et al., 1999a) , soils have been shown to contain signi®-cant levels of isoprene-consuming bacteria (Cleveland and Yavitt, 1997; 1998) , and progress has been made in unravelling the pathway for isoprene degradation in Rhodococcus (van Hylckama Vlieg et al., 1998; . This work may signal new interest in bacterial roles in biosphere±atmosphere exchange processes. Why is there interest in biogenic isoprene? Isoprene is a reactive compound that is emitted to the atmosphere from terrestrial plants in large amounts, similar to global annual methane emissions (i.e. 500 million tons per year), and in smaller amounts from phytoplankton sources in the oceans (Guenther et al., 1995) . Atmospheric chemists have been interested in the chemical reactions of isoprene for some time, and it is now known that, in the presence of sunlight and nitrogen oxides, isoprene reacts to form ozone, organic peroxides and carbon monoxide (Fehsenfeld et al., 1992) . Indeed, in many ecosystems and even some urban areas, isoprene may dominate photochemical reactions in the atmospheric boundary layer (Chameides et al., 1988; Goldstein et al., 1998) . Here, we review the emerging role of soil bacteria as sources or sinks of this important atmospheric hydrocarbon.
Bacterial sources of isoprene
The discovery of bacterial isoprene formation was an accidental ®nding that occurred during attempts to use expression cloning of a plant isoprene synthase gene (Kuzma, 1995) . Control experiments showed that the Escherichia coli host used in these experiments formed a small amount of isoprene (in the head space of sealed Petri dishes), and then much larger amounts of isoprene were found in a contaminant that turned out to be a Gram-positive Bacillus. Screening of a variety of Bacillus species revealed that isoprene formation is very common in this genus; much smaller amounts of isoprene are released by several different Gram-negative bacteria . Isoprene formation by various actinomycetes, including Pseudonocardia, Saccharomonospora, Streptomyces and Thermomonospora isolates, has also been detected (Wilkins, 1996) . Rates of isoprene formation in Bacillus subtilis are relatively high, similar to those seen in plants (on a cell weight basis), although when expressed as a fraction of glucose catabolism, isoprene is a minor cellular product (see below). On the other hand, rates of isoprene formation in B. subtilis are at least 100-fold higher than the rates of formation of the phytohormone, ethylene, produced by some bacteria, especially phytopathogens (Nagahama et al., 1992; Weingart and Vo È lksch, 1997) . Production of isoprene in B. subtilis is highest in log-phase cells and occurs with a temperature optimum that indicates an enzymatic rather than a non-enzymatic source ; this is signi®cant, as small amounts of isoprene are formed non-enzymatically in living cells from the breakdown of cellular dimethylallyl diphosphate (DMAPP) (Kuzma, 1995) . Growth of B. subtilis under controlled conditions in a fermenter has revealed some surprising aspects of bacterial isoprene formation. First, using wild-type B. subtilis (Marburg strain), three distinct phases of isoprene release are seen in cells growing on a standard glucose± tryptone±salts medium, as shown in Fig. 1 (Wagner et al., 1999) . These three phases correspond to glucose catabolism, acetoin catabolism and the early stages of sporulation respectively. In phases 1 and 2, isoprene production is maximal during rapid assimilation of the available carbon source, and then drops rapidly to low levels between the phases. In phase 3, in which carbon sources are depleted and sporulation is initiated, isoprene release is maximal during prespore formation. In the experiment shown in Fig. 1 , the total amount of isoprene formed (9 mmol) is only about 0.02% of the glucose consumed (50 mmol). It is not yet clear why this small, but signi®cant, amount of volatile hydrocarbon is released under these growth conditions; possible reasons for bacterial isoprene production are discussed below. It should also be noted that more work will be needed to establish whether the patterns of isoprene formation seen in laboratory cultures ( Fig. 1 ) have relevance to metabolic events occurring in soils. A second surprise was the ®nding that the pattern of isoprene formation in B. subtilis strain 168 is very different from that of its parent, the Marburg strain (Wagner, 1998) . Strain 168, a tryptophan auxotroph with a stable trpC2 mutation, was derived from the Marburg strain by X-ray mutagenesis (Burkholder and Giles, 1947; Dean and Ziegler, 1989) and has been used extensively in the construction of genetic and physical maps of the B. subtilis chromosome (Anagnostopoulos et al., 1993; Itaya, 1993) and for the Bacillus genome sequencing project (Kunst et al., 1997) . In experiments such as that shown in Fig. 1 , strain 168 shows only the ®rst phase of isoprene formation, even though it grows on acetoin and sporulates as well as the Marburg strain. This and other recent evidence (Wagner, 1998) suggest that strain 168 contains additional mutations that suppress the second and third phases of isoprene formation. Possibly, the chromosome of strain 168 underwent signi®cant chromosomal rearrangements during its isolation from the Marburg strain (Itaya, 1997) . Further work should reveal the nature of these other mutations in strain 168 and how they suppress phases 2 and 3 of isoprene formation.
Isoprene biosynthesis
The biosynthetic pathway for isoprene formation in B. subtilis has been studied, and it appears that isoprene is a product of the deoxyxylulose-5-phosphate (DXP) pathway (now also called the methylerythritol phosphate pathway), not the classical mevalonate pathway for isoprenoid biosynthesis (Wagner et al., 2000) . As reviewed by Eisenreich et al. (1998) , in the past few years, it has become clear that many bacteria, both Gram-negative and Grampositive, assemble the C-5 building blocks of isoprenoid biosynthesis, isopentenyl diphosphate (IPP) and DMAPP, from pyruvate and glyceraldehyde-3-phosphate, not from acetyl-CoA units. The condensation of pyruvate and glyceraldehyde-3-phosphate gives DXP, which can be reduced and rearranged via 2-C-methyl-D-erythritol-4-phosphate to produce IPP. In B. subtilis, 13 C-labelling experiments support the DXP pathway as the source of isoprene (Wagner et al., 2000) . The absence of the mevalonate pathway is also suggested by the ®ndings that the B. subtilis genome lacks a gene for the key enzyme, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) (Bochar et al., 1997) , and the growth of B. subtilis is not blocked by simvastatin, a potent inhibitor of HMGR (Wagner et al., 2000) . The absence of the mevalonate pathway in B. subtilis is somewhat surprising, given that intermediates of this pathway have been detected in Lactobacillus and Staphylococcus (Horbach et al., 1993) ; these bacteria are taxonomically similar to Bacillus in the low GC subdivision of Gram-positive bacteria (Woese, 1987) . Although it seems likely that such closely related bacteria would use a common pathway for isoprenoid biosynthesis, perhaps some bacteria use more than one pathway, as suggested in the Grampositive bacterium Streptomyces aeriovifer (Seto et al., 1996) . An enzyme that catalyzes DMAPP-dependent formation of isoprene has now been detected and partially puri®ed Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 123±130 Fig. 1 . Production of isoprene in wild-type B. subtilis 6051 occurs in three distinct phases. Phases 1 and 2 of isoprene formation occur during glucose and acetoin catabolism respectively; phase 3 occurs during the initial stages of sporulation. Data redrawn from Wagner et al. (1999a) . from B. subtilis (K. Choudhury and R. Fall, unpublished) . Thus, is seems likely that isoprene is formed from DMAPP in Bacillus, as in the case of plant chloroplasts, which contain the enzyme isoprene synthase. Isoprene synthase catalyses the Mg 2 -dependent conversion of DMAPP to isoprene and PP i (Silver and Fall, 1995; Wildermuth and Fall, 1996) :
The isoprene synthase reaction involves simple elimination of pyrophosphate, probably through a transient carbocation that can rearrange to form isoprene. As in other isoprenoid synthases, the role of the divalent cation is to facilitate departure of the pyrophosphate-leaving group (McGarvey and Croteau, 1995) . It remains to be seen whether there is a universal mechanism for isoprene formation in bacteria and plants, and also in humans, in whom isoprene is the major hydrocarbon released in expired breath (Stone et al., 1993) .
Are there bacterial sinks for isoprene?
The question of bacterial sinks for isoprene has recently come into focus with the work of Cleveland and Yavitt (1997; 1998) , who have shown that many soils contain isoprene-degrading microorganisms. Measuring the uptake of gas-phase isoprene (about 500 p.p.bv.), they determined that soils from many different ecosystems take up isoprene in a temperature-dependent manner, with little uptake in sterilized soil. The highest rates of isoprene uptake occurred in temperate forest soils and in soils preexposed to isoprene. For a temperate forest soil, levels of culturable isoprene degraders were in the range of 5.81 0 5 cfu g À1 dry weight, and enrichment cultures led to the identi®cation of some of these microbes as Arthrobacter species. Previously, it has been shown that methanotrophs and a Xanthobacter isolate grown on propene were able to epoxidize isoprene and other alkenes, but not use isoprene as a carbon or energy source (Hou et al., 1981) . Pure cultures of a Nocardia sp. were able to use isoprene or 1,3-butadiene as the sole source of carbon and energy (van Ginkel et al., 1987) . Ewers et al. (1990) have also described isoprene-degrading bacteria that were used to co-metabolize trichloroethylene; they reported that isoprene-using bacteria are abundant in soil and water and characterized two of these isolates as Alcaligenes denitri®cans ssp. xylosoxidans and Rhodococcus erythropolis. These reports and the work described below with another isoprene-degrading Rhodococcus suggest that the potential for metabolizing isoprene may be widespread in the Micrococcineae and Corynebacterineae suborders of the actinomycetes (i.e. Arthrobacter and Rhodococcus ). Interestingly, as noted above, some actinomycetes in other suborders produce isoprene, so the actinomycetes group of soil bacteria appears to contain both isoprene producers and degraders. An estimate of a global annual soil sink for isoprene is 20.4 million tons year À1 (Cleveland and Yavitt, 1997) , which is a small fraction (4%) of the estimated annual biogenic emission of isoprene (Guenther et al., 1995) . However, it is not yet clear whether soil isoprene degraders can ef®ciently remove and consume isoprene from forest air. For example, levels of isoprene in canopy air at a high-isoprene, temperate oak forest site in the summer averaged 4.4 ppbv at midday, rarely exceeded 10 ppbv and dropped to 0.1±2 ppbv at night (Goldstein et al., 1998) . Most of the decline in isoprene seen in the evening and night was attributed to chemical destruction of isoprene rather than deposition to the forest. Similar results have been seen at a mixed pine±oak±sweetgum forest site, although in this case, surface deposition of isoprene at night was proposed to be more signi®cant (Goldan et al., 1995) . Given these results, it is currently unclear whether gas-phase isoprene is a major source of carbon for soil bacteria. An alternative view is that aerobic isoprene degraders primarily consume isoprene generated in the soil by other bacteria. This source±sink relationship would be analogous to that seen with methanogens and methanotrophs. It is also possible that, under some circumstances, bacterial isoprene production might exceed degradation, and soils might then be a net source of isoprene. Few measurements of release of isoprene from soils (or sediments) have been reported (Guenther et al., 1995; Fall, 1999) , so it is unclear whether soils contribute signi®-cantly to atmospheric isoprene.
The biochemical pathway for isoprene degradation
In recent work, the Janssen laboratory has unravelled many details of the biochemical pathway for isoprene degradation in Rhodococcus AD45, an isolate obtained from a freshwater sediment using isoprene as a sole carbon source (van Hylckama Vlieg et al., 1998; van Hylckama Vlieg, 1999) . For this work, they used Rhodococcus AD45, an isolate obtained from a freshwater sediment enrichment with isoprene as sole carbon source. Rhodococcus species have the metabolic potential to degrade a variety of natural and man-made hydrocarbons (Larkin et al., 1998) . Rhodococcus AD45 degrades 1,2-dichloroethylene, propylene, toluene and styrene, but with lower af®nities and oxidation rates than those for isoprene (van Hylckama Vlieg, 1999) . Figure 2 shows the pathway for isoprene degradation in Rhodococcus as far as it is known from biochemical and genetic experiments, as well as a proposal for further steps based upon the logical
fate of the last characterized intermediate. The pathway begins with conversion of isoprene to 1,2-epoxy-2-methyl-3-butene, a reaction catalysed by a multicomponent monooxygenase encoded by genes IsoABCDEF. Although this enzyme system has not been puri®ed, all six of the proteins encoded by this gene cluster are homologous to proteins in other characterized multicomponent monooxygenases (van Hylckama Vlieg, 1999) . 1,2-Epoxy-2-methyl-3-butene is converted to a glutathione conjugate by a glutathione-S-transferase (GST) encoded by IsoI (van Hylckama Vlieg, 1999; van Hylckama Vlieg et al., 1999) . This reaction is a critical one, as it prevents the reactive epoxide from alkylating DNA and proteins. The enzyme has an unusually high K M for glutathione (> 5 mM), but is reasonably effective, nevertheless, with an estimated
and a turnover number of 54 s À1 at 5 mM glutathione (approximately twice the estimated intracellular concentration of glutathione in the bacterium). The glutathione conjugate, 1-hydroxy-2-glutathionyl-2-methyl-3-butene (HGMB), is oxidized in two steps to 2-glutathionyl-2-methyl-3-butenoic acid (GMBA) by IsoH, an NAD -requiring dehydrogenase. This enzyme appears to be unique and distinct from other known alcohol dehydrogenases, even the glutathione-dependent class III alcohol dehydrogenases (Barber et al., 1996) . It catalyses oxidation of the alcohol moiety in HGMB to the carboxylic acid, but is not active with a variety of other aliphatic primary or secondary alcohols .
The sequence of steps after the formation of GMBA is not yet known. The reactions shown enclosed in a box in Fig. 2 are proposed based upon the following reasoning. The thioether bond of GMBA must ultimately be cleaved for catabolism to continue. There are two possible mechanisms for the cleavage reaction. The ®rst, beta elimination of glutathione, is possible but unlikely, because it would be dif®cult to remove a proton from the inactivated methyl group and because thiolates are poor leaving groups. The second mechanism, reductive elimination of glutathione, would use a second glutathione molecule to reduce GMBA and form glutathione disulphide. This mechanism has a precedent in the reactions catalysed by tetrachlorohydroquinone dehalogenase (another GST; McCarthy et al., 1996; , proline reductase (Arkowitz et al., 1994) and glycine reductase (Arkowitz and Abeles, 1991) . This reaction could be catalysed by IsoJ, a second GST encoded by the isoprene degradation gene cluster. Experiments from the Janssen laboratory have shown that IsoJ does not remove glutathione from GMBA (van Hylckama Vlieg, 1999) , but it may certainly accomplish this reaction using a downstream metabolite.
A possible sequence for the remainder of the isoprene degradation pathway is that GMBA is converted to the corresponding CoA thioester by an unidenti®ed ligase, before removal of glutathione by IsoJ (Fig. 2) . This proposition is based upon the presence of an additional gene, IsoG, adjacent to IsoH in the isoprene degradation gene cluster (van Hylckama Vlieg, 1999) , which is homologous to amethylacyl-CoA racemases found in mammals (Schmitz et al., 1997) . This ®nding suggests that CoA thioester metabolites may be involved in the distal part of the pathway. Furthermore, the proposed reductive elimination of glutathione would be greatly facilitated by replacement of the carboxylate of HGMBA with a more electron-withdrawing thioester. Removal of glutathione from the CoA thioester of HGMBA would provide 2-methyl-3-butenyl CoA, which is an intermediate of the isoleucine degradation pathway (Massey et al., 1976) . Further metabolism of 2-methyl-3-butenyl CoA by a b-oxidation pathway would then yield acetyl-CoA and propionyl-CoA, which can be oxidized by central metabolic pathways. The role of the a-methylacyl-CoA racemase might be to facilitate complete degradation of methyl-substituted acyl-CoA intermediates. For example, in animals, the metabolism of branched-chain fatty acids requires racemization of the methyl group at the a-position for complete b-oxidation (Schmitz et al., 1997) . Similarly, it is known that oxidation of L-isoleucine occurs primarily through the (2S )-methylacyl-CoA intermediates (Sweetman and Williams, 1995) so, if isoprene catabolism in Rhodococcus ties into the isoleucine pathway, it may be necessary to convert a (2R )-methyl intermediate to its (2S )-methyl diastereomer.
Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 123±130 Fig. 2 . Scheme for the degradation of isoprene in Rhodococcus AD45, based on information presented in van Hylckama Vlieg et al. (2000) and van Hylckama Vlieg (1999) . The unknown portion of the pathway, enclosed in a box, is discussed in the text. The stereochemistry of the intermediates has not been established.
Prospects
Many questions remain unanswered concerning bacterial isoprene synthesis and degradation. For example, why is isoprene formed, especially in Gram-positive bacteria? Is it a metabolic by-product or signalling molecule, or does it serve some other purpose? We have suggested that isoprene is an over¯ow metabolite (Wagner et al., 1999) . It is well known that metabolic bottlenecks in bacteria lead to the excretion of a variety of extracellular metabolites (Neijssel and Tempest, 1979) ; for example, during aerobic culture of B. subtilis on glucose and amino acids, incomplete glucose oxidation results in the excretion into the medium of acetate, pyruvate, acetoin, butanediol and branched-chain organic acids (Speck and Freese, 1973) . We envision that isoprene excretion could be a similar phenomenon that occurs under metabolic conditions in which carbon¯ow to higher isoprenoids is limiting and excess DMAPP is converted to isoprene. Quantitative assessment of (i) the rates of isoprenoid biosynthesis and (ii) isoprenoid pool sizes during different phases of B. subtilis growth will be needed to test this idea.
The possibility that bacterial isoprene formation serves some other more active role, such as in signalling, must also be considered. There are hints that isoprene could serve as a volatile repellent of soil predators or a growth inhibitor of competing microbes. For example, it has been reported that Collembola insects, which graze bacteria and fungi in soil, are repelled by isoprene (Michelozzi et al., 1997) , and another C-5 volatile compound produced by some Bacillus spp., isoamyl alcohol, has growth-inhibiting effects on soil cyanobacteria (Wright et al., 1991) . Perhaps isoprene release during rapid growth on available carbon sources is a way of inhibiting competitors when nutrients are abundant. In soil, it is known that Bacillus species are prevalent in the rhizosphere, where they can produce plant growth factors and synthesize antifungal agents (reviewed by Wipat and Harwood, 1999) ; it is possible that isoprene could play a role in these extracellular events. Finally, in terms of intercellular communication, it has been discovered that Gram-positive bacteria, including B. subtilis, use quorum sensing to control cell densitydependent signalling events (Kleerebezem et al., 1997) , and it has been suggested that uncharacterized secondary metabolites may play a role in bacterial communication (Hastings and Greenberg, 1999) . Isoprene might be such a secondary metabolite; its volatility would allow it to serve as a transient signalling molecule.
Studies of the role of isoprene formation in Bacillus could shed light on the mystery of isoprene production in higher organisms (Fall, 1999; Logan and Monson, 1999) . Currently, there is no clear role for isoprene formation in plants or humans and, as mentioned in the Introduction, the global release of isoprene by plants represents a very large amount of reduced carbon. Any model for leaf isoprene emission needs to explain developmental control of isoprene formation during leaf expansion, chloroplast localization of isoprene synthase isozymes, regulation of DMAPP levels in chloroplasts and the role of light activation of isoprene formation (Fall and Wildermuth, 1998) . Similarly, the physiological rationale for release of isoprene in human breath is unknown, although a link to cholesterol biosynthesis has experimental support (Stone et al., 1993; Taucher et al., 1997) . Possibly, studies with the B. subtilis system, with its rich background of genetic and genomic information (Anagnostopoulos et al., 1993; Wipat and Harwood, 1999) , will reveal a rationale for isoprene formation in living systems.
The detection of soil bacteria that can use isoprene as sole carbon source suggests that soil may be a signi®cant sink for this gas. There is current interest in accounting for isoprene sinks in forest canopies, so additional characterization of isoprene degraders is important. Do these bacteria consume isoprene generated in soil, or do they take up atmospheric isoprene? In this regard, it will be interesting to determine the af®nity of the isoprene monooxygenase for isoprene; the K m for oxidation of isoprene by intact Rhodococcus cells is 0.8 mM (van Hylckama Vlieg et al., 1998) . Levels of the hydrocarbon in forest canopies, even those dominated by isoprene-emitting species, rarely exceed 10 p.p.bv. (Goldstein et al., 1998) . As the Henry's law constant for isoprene is about 0.028 M atm À1 (Lindinger et al., 1998) , concentrations of isoprene in soil surface water in equilibrium with forest air would be less than 1 nM, probably too low to support growth of bacteria unless they are remarkably ef®cient in scavenging and concentrating isoprene. It seems more likely that isoprene degraders use isoprene formed in situ.
A particularly interesting aspect of the isoprene degradation pathway in Rhodococcus is the involvement of two members of the GST superfamily. The identi®cation of GSTs involved in isoprene degradation adds to the growing body of information suggesting that the major role of GSTs in bacteria is metabolism rather than detoxi®cation, the primary role of GSTs in mammals. Other bacterial GSTs involved in metabolic pathways include maleylacetoacetate isomerase, tetrachlorohydroquinone dehalogenase, b-etherase and dichloromethane dehalogenase (Seltzer, 1973; LaRoche and Leisinger, 1990; Masai et al., 1993; McCarthy et al., 1996) . IsoI, the ®rst GST in the isoprene degradation pathway, catalyses the simple nucleophilic attack of glutathione upon its substrate to form a glutathione conjugate, a typical GST reaction. The role of the second GST, IsoJ, may be analogous to those of two other members of the superfamily, tetrachlorohydroquinone dehalogenase and b-etherase, which catalyse reductive reactions, resulting in the formation of glutathione disulphide. However, a notable difference is that glutathione conjugates are both formed and reduced at the active site of tetrachlorohydroquinone dehalogenase (McCarthy et al., 1997) , and presumably of b-etherase (Masai et al., 1993) , but the glutathione conjugate in the isoprene pathway is formed several steps before its anticipated reduction. The reasons for this difference are easily understood, as reductive elimination of glutathione from the initially formed conjugate is energetically unfeasible because of the lack of an electron-withdrawing group at the alpha position to stabilize the negatively charged intermediate. Thus, the isoprene catabolic pathway provides an interesting variation upon the usual themes of detoxi®cation and substrate reduction by members of the GST superfamily.
It will be of interest to see the completed enzymatic details of the catabolic pathway for isoprene in Rhodococcus and the relationship of this pathway to those for degradation of other natural and anthropogenic hydrodrocarbons. With work on recruiting catabolic genes for use in pollutant degradation by engineered microorganisms under way, it is likely that analysis of the gene products of the Rhodococcus isoprene pathway will be revealing; for example, several of the enzymes of the pathway have the potential to use chlorinated substrate analogues (van Hylckama Vlieg, 1999; van Hylckama Vlieg et al., 1998 .
With the study of methanogens and methanotrophs, a wealth of basic biochemistry was revealed (e.g. Ferry, 1997) . Time will tell if biochemical analysis of isoprene biosynthesis and degradation in bacteria will yield such a rich harvest. Whatever the outcome, the information is sure to be of interest to microbiologists and atmospheric scientists alike.
